Conspecific
song induces a prompt increase in the expression of the zenk gene in the caudo-medial neostriatum (NCM), a part of the auditory telencephalon of songbirds. To test the hypothesis that zenk gene induction in NCM is related to the acquisition of new song-related memories, we presented adult male zebra finches with repeated playbacks of one song. In reponse, zenk mRNA levels in NCM increased for the first 30 min, but then declined back to baseline levels despite continued stimulation with the same song. When a novel song was then introduced, however, a full zenk response was triggered once again. Even when a full day had passed between the last exposure to a song and the testing period, the song that had been rendered "familiar" by repetition caused no zenk response, whereas a novel song caused a full response. Quantitative analysis indicates that individual cells in NCM must have undergone a selective loss in their zenk responsiveness to the repeated song, while still maintaining their ability to respond to the novel song. These results support the hypothesis that the induction of zenk is related to the formation of long-term memories. Oscine songbirds sing to defend their territories and attract mates. In both cases, it is important that the receiver of the song signal discriminate among individual senders (Brooks and Falls, 1975; Krebs, 1976 Krebs, , 1977 Peters et al., 1980; Seamy et al., 198 1 a,b; Catchpole, 1982; Kroodsma and Byers, 199 1; Wiley et al., 1991) . A potential component of the neural circuitry responsible for learned song discrimination was recently revealed by studies using molecular probes to analyze the expression of "immediate early genes" (IEGs) in the songbird brain (Mello et al., 1992) . Playback of taped conspecific song for as little as 10 min was sufficient to induce an increase in mRNAs for two IEGs in the caudo-medial neostriatum (NCM) of zebra finches and canaries (Mello and Clayton, 1994; Nastiuk et al., 1994) . NCM represents a relatively uncharacterized area of the telencephalon that receives input from primary auditory centers, and is reciprocally connected with at least two other areas of the telencephalon (Mello and Clayton, 1994) . The functional significance of this genomic response to song is not known, but two observations suggest it may be linked to the experience-dependent modification of neural circuits engaged in song recognition and discrimination. First is the fact that conspecific song caused a greater response than did the song of a different species, whereas simpler auditory stimuli such as tone-bursts did not cause any detectable induction (Mello et al., 1992) . Thus the genomic response in NCM may be somehow coupled to the presentation of perceptually "significant" stimuli, as opposed to simple auditory activation. Second is the nature of the protein products synthesized as a result. Two responsive genes have now been identified: zenk (Mello et al., 1992) and c-jun (Nastiuk et al., 1994) . Both encode proteins that regulate the transcription of yet other "downstream" or "late" genes (Milbrandt, 1987; Lemaire et al., 1988; Sukhatme et al., 1988; Christy and Nathans, 1989) . Transient induction of these and other IEGs following neuronal stimulation has been widely discussed as a mechanism specifically necessary for the consolidation of synaptic changes underlying long-term memory formation (e.g., Goelet et al., 1986; Cole et al., 1989; Wisden et al., 1990; Stevens, 1994) . Interference with IEG induction has been shown to block long-term (but not short-term) facilitation in cultured Aplysia neurons (Alberini et al., 1994) . Genetic mutations that disrupt the signal transduction pathways responsible for IEG induction also disrupt long-term memory formation in mice (Bourtchuladze et al., 1994) and fruit flies (Yin et al., 1994) .
These precedents suggest the hypothesis that zenk gene activation in songbird NCM is causally related to the formation of long-term memories associated with specific song stimuli. This hypothesis predicts that the degree of zenk activation in NCM should vary depending upon the familiarity of a song stimulus and the context of its presentation. In other words, stimuli that trigger long-term memory formation (e.g., novel stimuli, or familiar stimuli in novel contexts) should cause a greater induction of zenk than should already-familiar stimuli. Once a novel stimulus has been rendered familiar by repetition, presentation of this stimulus in the same context should no longer induce a zenk response. As a test of this, we presented individual songs re- Figure  36 , were analyzed by microscopic examination after emulsion autoradiography, and the fraction of labeled cells in NCM counted. Each row gives data (sum of counts from five fields) for a single bird. The combination of songs used in the training and testing periods is given in the first column.
peatedly to adult male zebra finches, and analyzed the the zenk response in NCM using in situ hybridization assays.
An abstract of these data has been published (Clayton and Mello, 1993) .
Materials and Methods
Song presentation. Zebra finches were raised in closed colonies maintained at the Rockefeller University Field Research Center (Millbrook, NY) or at the Be&man Institute of the University of Illinois (Urbana, IL). In order to normalize the birds' history of exposure to auditory stimuli, all birds used in each experiment were raised in the same aviary. Individual adult males of similar ages were initially placed in acoustic isolation for 1 d. They were then presented with playbacks of tape-recorded conspecific songs, as previously described (Mello et al., 1992; Mello and Clayton, 1994) . Each minute of the song tapes contained 15 set of one song, followed by 45 set of silence. The total duration and the exact schedules of the song playbacks are detailed in the results section. For the experiment in Figure 5 , after the first day of acoustic isolation, birds were trained on one song over a five day period with a total of 3 hr of playback each day, in separate hour-long sessions (matched controls heard only silence). A day after the last training session, the birds were tested as described in Figure 5 . Each bird was maintained in its cage within the song stimulation booth throughout the week-long experiment. All animal experimentation procedures were conducted in accordance with the policies of the Society for Neuroscience.
In situ hybridization and densitometry. Animals were sacrificed by decapitation at the end of playbacks and brains immediately dissected from the skulls and frozen in TissueTek. In situ hybridization of frozen parasagittal brain sections (10 pm) was performed essentially as described before (Clayton et al., 1988) with modifications (Mello and Clayton, 1995) , using a 35S-labeled zenk antisense riboprobe followed by x-ray film autora&ography. Regional densitometry over the caudomedial neostriatum (NCM) was performed using NIH IMAGE software, as described (Mello and Clayton, 1994) . NCM boundaries and the criteria for distinguishing NCM from Field L and caudal HV have been previously discussed in detail (Mello and Clayton, 1994) .
Cellul+r analysis. Hybridized sections, from two birds in each of the first five groups in Figure 3b , were coated with autoradiographic emulsion and exposed for 6-8 weeks. After developing and Nissl staining (Mello, et al., 1992) , labeled cells with neuronal morphology (large, with large pale-staining nucleus, distinct nucleolus, and abundant Nisslsubstance, see Fig. 4 ) were counted in five randomly chosen fields of 90 X 120 km within NCM, and the sum of the counts for each bird is presented in Table 1 . A cell was counted as labeled if the overlying autoradiographic grain density was at least five times greater than the background density (measured over an equivalent area outside the boundaries of the tissue). 
Results
The first experiment was to present adult male zebra finches with continued playbacks of a single tape-recorded song (15 set of song every minute), and at various intervals measure zenk mRNA levels in NCM by in situ hybridization. We previously showed that accumulation of zenk mRNA in NCM following 10 min of song stimulation is transient, reaching a peak at 30 min and returning back to unstimulated levels after 60 min (counting from stimulus onset) (Mello and Clayton, 1994) . We also showed that zenk mRNA levels increase in NCM in direct proportion to playback duration, for durations of lo-30 min (Mello and Clayton, 1994) . Figure 1 shows, however, that when song presentation continued for longer than 30 min, zenk mRNA levels gradually subsided to levels undistinguishable from unstimulated controls despite the continued presentation of song playbacks.
In the second experiment, we asked whether a new song would reactivate zenk expression, at a time when the zenk response to the first song had ceased, as in Figure 1 . Male zebra finches were first exposed to one of two conspecific song stimuli (Fig. 2 , Sl or S2) for a 2.5 hr "training" period. Then, for the next 30 min (the "testing" period), they were exposed to either the same song or the other song, and zenk levels in NCM were analyzed (Fig. 3) . Birds that heard the same song during both periods (Fig. 3 , groups Sl/Sl or S2/S2) had levels of zenk mRNA in NCM that were significantly lower than levels in controls hearing either song for the first time during the testing period (O/S1 or OK2) and were equivalent to levels in unstimulated controls (O/O), consistent with the result of the first experiment (Fig. 1) . In marked contrast, birds that heard a different song during the testing period (Fig. 3, SUS2 , or S2lSl) had levels of zenk mRNA in NCM that were significantly higher than levels in birds that heard the same song during both periods (Sl/ Sl or S2/S2), and were comparable to levels seen in controls hearing either song for the first time during the testing period (O/S1 or O/S2). Thus, although the population of cells in NCM had ceased their zenk response to the repeated song, they responded fully to a new song. The statistical significance of these conclusions was confirmed as described at the end of this section.
To determine the number and types of cells that show zenk expression, in situ hybridized brain sections from the previous experiment (Fig. 3) were subjected to emulsion autoradiography and examined under the light microscope. Consistent with our previous findings (Mello et al., 1992; Mello and Clayton, 1994, 1995) , labeled cells typically had a neuronal morpology and displayed an "all or none" zenk response. Typical examples of labeled neurons in NCM can be seen in Figure 4 . Figure 4B shows two isolated neuronal cells, one of which is positive for zenk, and Figure 4A illustrates the fact that individual labeled neurons can be identified and counted even when they occur in cell clusters. By counting the fraction of cells in NCM that were labeled with the zenk probe (Table l) , we observed that in the first 30 min presentation, either song elicited a zenk response in roughly half the cells with neuronal morphology in NCM (groups O/S1 and OlS2). In birds exposed to continued repetitions of the same song (Sl/Sl), the number of labeled cells then dropped to control levels (O/O). Yet presentation of a new song activated zenk expression once again in roughly half the NCM neurons (SUS2).
The third experiment was designed to assess whether the apparent change in the response to the repeated song (Fig. 3) can persist for longer times after the initial training period. In order to maximize our chances of seeing a long-term retention of the change observed in the zenk response, we repeated the training sessions across 5 d, and then waited one more day after training before the final 30 min testing period. As presented in Figure 5 , birds showed no significant zenk response to the song they heard during the training period, when tested a day after the last training exposure (SUSl, compare with control groups O/O and Sl/ 0). In contrast, when such birds were tested with a song different from the training song (Sl/S2), zenk was induced to the same degree as in naive controls hearing either song for the first time (O&l, O/S2). We have not examined whether training periods of less than 5 d would be sufficient to achieve a persisting change in response selectivity, or whether an acquired change can persist for even longer than a day.
To evaluate the statistical significance of the results presented in Figures 3 and 5 , we used the Mann-Whitney U test (criterion of P < 0.05, two-tailed probabilities). In Figure 3 , significant differences were seen when group Sl/Sl (n = 4) was compared with groups O/S1 (n = 4, U = 0, P = 0.028) and Sl/S2 (n = 4, U = 0, P = 0.028). No significant differences were seen when group S l/S1 (n = 4) was compared with group O/O (n = 4, U = 3, P = 0.2) or when group SllS2 was compared with groups O/S1 (n = 4, U = 3, P = 0.2) or O/S2 (n = 4, U = 5, P = 0.49). Groups Sl/Sl and S2lS2 were then combined into a "repeated song" group (n = 6), groups O/S1 and O/S2 into a "novel song after silence" group (n = 8) and groups Sl/S2 and S2/Sl into a "novel song after repeated song" group (n = 6). The a b Figure 3 . zenk is reinduced by exposure to a new song. Animals were presented with a repeated song stimulus (as in Fig. 1 ) for a 2.5 hr "training" period, immediately followed by a second "test" stimulus for another 30 min (zenk mRNA levels in NCM were analyzed as in Fig. 1 ). The combined training-test protocol for each experimental group is indicated (first stimulus/second stimulus). SI and S2 represent the specific songs of two different individuals from another aviary ( combined "repeated song" group was significantly different from both the "novel song after silence" group (U = 0, P < 0.001) and the "novel song after repeated song" group (U = 0, P = 0.001). In contrast, no significant difference was seen between the "novel song after silence" and the "novel song after repeated song" groups (U = 14, P = 0.23). In Figure 5 , no significant differences were seen when group Sl/Sl (n = 5) was compared with groups O/O (n = 4, U = 9, P = 0.9) or Sl/O (n = 4, U = 7, P = 0.56). In contrast, group Sl/S2 (n = 5) was significantly different from group Sl/Sl (n = 5, U = 0, P = 0.004) but not from group O/S1 (n = 4, V = 10, P = 0.99).
Discussion
The idea that new gene expression is necessary for memory formation has been supported for about 30 years (Agranoff et al., 1966 Flood et al., 1977; Gibbs and Ng, 1977; Flexner et al., 1983; Davis and Squire, 1984; Goelet et al., 1986; Montarolo et al., 1986) , but the mechanistic significance of this for brain function is not well understood. The ability of tape-recorded natural birdsong to induce zenk gene expression in the telencephalon (Mello et al., 1992; Mello and Clayton, 1994 ) provides a specific experimental paradigm for evaluating the relationship between gene expression, neural circuit activation, and behavioral function. In this report we have described experiments to test whether the zenk gene response to song is a fixed and invariant correlate of sensory stimulation, or whether it can be modulated by the experiential context in which the stimulation occurs. We show here, first, that the increase in zenk expression is transient, even in the face of continuous song stimulation (Fig.  1) . On its own, the initial rapid decline in zenk mRNA levels might appear to suggest the emergence of a nonspecific "re- were hybridized with zenk riboprobe, exposed to autoradiographic emulsion and counterstained with cresyl violet; the optical focus of both panels is on the autoradiographic grains. A, A neuronal cluster containing six cells, one of which expresses zenk; B, two isolated NCM neurons, one of which is positive for zenk. Scale bar, 6 pm.
fractory period" for gene induction, as has been observed in some other experimental systems after a wave of IEG expression (Morgan et al., 1987; Morgan and Curran, 1991) . However, we also observed that zenk gene expression can be reactivated by presentation of a new song (Fig. 3) . Even when the bird had rested for a day after its last exposure to song stimuli, zenk induction in NCM was elicited only by a novel song and not by a song previously made familiar (Fig. 5) . Thus the zenk gene in NCM was not merely made refractory; rather, its stimulus-response profile was changed in a highly specific fashion. It is important to note that this does not necessarily prove that no refractory period for zenk induction occurred at some other time in these experiments, since we did not test for the ability of novel stimuli to sustain zenk expression during the initial phase of mRNA decline (e.g., 45-120 min, Fig. 1 ). The cellular mechanisms that contribute to the initial decline in zenk may not be the same as the mechanisms that underlie the subsequent inability of a familiar song to reinduce zenk. Additional insights into the underlying cellular mechanisms might be gained from direct measurements of the rate of zenk gene transcription, to complement the "steady state" mRNA measurements here which reflect the sum of both synthetic and degradative cellular processes.
These results raise immediate questions about the pattern of electrophysiological activity induced in NCM by song presentation, and how that may be related to the observed changes in genomic activity. Electrophysiological studies undertaken as a result of these experiments have indeed given indication that song presentation elicits an excitatory response in NCM, which declines as a particular song stimulus is presented again and again @tripling et al., 1994; Chew et al., 1995) . The intracellular mechanisms responsible for IEG induction are not yet well defined, but a song-specific decline in neuronal firing rate could
. Song-selective extinction of zenk induction can be maintained for at least one day. Experiment is similar to Figure 3 , except that the training period spanned 5 d, and the birds were then tested on the 6th day.
underlie the inability of familiar songs to reinduce the zenk response. Such an electrophysiological change might, in turn, require expression of IEG proteins for its long-term consolidation.
In the context of the neural circuitry, a stimulus-specific change in electrophysiological and/or genomic responsiveness might come about in several ways. (1) Arousal or attention may vary with stimulus familiarity, and these organismal variables could impinge upon NCM via neuromodulatory systems that project diffusely throughout the brain (Kaczmarek and Levitan, 1987; Lopez and Brown, 1992) . Drawing a parallel with the natural situation, novel songs might signify the presence of unknown or intruder males and thus be more arousing, whereas familiar songs would represent neighbors recognized as unthreatening. A possibly similar situation has recently been described in rats, where IEG responses to environmental cues were conditionally activated by previous pairing with fear-inducing stimuli (Beck and Fibiger, 1995) . (2) The change in NCM could reflect a stimulus-specific decline in the firing of lower auditory centers that provide input to NCM. This seems somewhat unlikely, however, since cells in the known auditory areas that project to NCM (Field L and nucleus ovoidalis, Mello, 1993; Mello and Clayton, 1994) appear to be tuned to fundamental acoustic characteristics common to all songs (such as frequency) and not to specific songs (Mtiller and Leppelsack, 1985; Mtiller and Scheich, 1985) . (3) There could be an increase in inhibitory inputs, perhaps mediated by the reciprocal connections between NCM and other sites of zenk induction in the forebrain (Mello, 1993; Mello and Clayton, 1994) . (4) It is also conceivable that individual neurons are capable of changing their responses to specific patterns of presynaptic stimulation autonomously, without affecting their responses to other patterns-if, for example, the stimuli impinge upon different anatomical compartments in the dendritic arbor (e.g., Tank et al., 1988; Midtgaard, 1994) .
Our densitometric zenk measurements reflect the average level of zenk gene activity for all cells within NCM. Therefore, we do not know for certain whether the neurons that initially showed the zenk response to Sl, and then lost that response, of Gene lndudion by Perceptual Experience were necessarily the same neurons that later showed the zenk response to S2. If, however, there were separate, nonoverlapping populations of cells tuned to each song, the data in Table 1 would have to be taken as indication that essentially all the neurons in NCM became "habituated" by the presentation of just two songs; the bird would then not have any NCM neurons left to give a zenk response to still other songs, which seems unlikely. A more probable interpretation, supported also by electrophysiological studies (Stripling et al., 1994; Chew et al., 1995) , is that the population of cells that responded to Sl includes cells that also responded to S2; these cells then selectively extinguished their zenk response to one song but not the other. We find this possibility, and its significance, particularly intriguing in two ways. First, it suggests that the same neuron may be involved in the acquisition of multiple and/or successive song memories. Second, it implies that cells (or circuits of cells) are capable of modulating their IEG responses to specific stimuli. If IEG responses are indeed necessary for memory consolidation Alberini et al., 1994) , then modulation of IEG responses might allow the consolidation of only selected memories from among those initially represented in short-term memory. One testable prediction of this hypothesis is that a novel stimulus presented when zenk activity is already high (e.g., induced by a prior stimulus) might be consolidated more quickly or effectively.
Conspecific song is more effective than heterospecific song in increasing zenk expression in NCM (Mello et al., 1992) . When this result was first reported it seemed possible that the differences in the effectiveness of these two stimuli could be directly related to their familiarity: birds would be expected to be more familiar with the song of their own species, and perhaps that accounted for the greater activation of zenk. Our present results weaken this interpretation, because we show that as an individual conspecific song is made familiar by repeated presentation, the zenk response to that song decreases and eventually disappears. The degree of zenk induction thus appears to be inversely correlated with stimulus/context familiarity, although we have not yet performed any behavioral tests of the animal's ability to discriminate between the stimuli. The greater effectiveness of conspecific compared to heterospecific song in inducing zenk expression in NCM (Mello et al., 1992) may derive from the special acoustic properties of conspecific song and the way in which they engage the responsiveness of NCM neurons, when presented as stimuli in a novel context. This interpretation does not exclude the possibility that the preference for conspecific song is acquired as a result of earlier experience, similar perhaps to the acquisition of preference for the bird's own song by neurons of the song control nuclei during song juvenile song leaming (Volman, 1993) .
Adult songbirds of both sexes must constantly perceive-and if necessary discriminate and respond to-the songs they hear. Song activation of the zenk gene in adult birds may highlight circuitry that analyzes song stimuli for their novelty, individual identities and behavioral significance. A molecular approach to the study of song discrimination promises to yield rich insights into the mechanisms for integrating single neurons into the neural systems that underlie perception and vocal communication.
